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Abstract: 
We explore the temperature dependence of Maxwell-Stefan (MS) diffusivities of pure component 
as well as equimolar mixture of CO2 and CH4, in a fluorinated polyimide polymer membrane 
through equilibrium Molecular Dynamics (EMD) simulations. The morphology of the polymer 
membrane is characterized, and gas adsorption isotherms of pure as well as an equimolar mixture 
of CO2 and CH4 are extracted considering the dynamics and structural transitions in the polymer 
matrix upon gas adsorption, using a combination of EMD in the constant pressure ensemble and 
grand canonical Monte Carlo simulation. Significant swelling of the polymer in the presence of 
CO2 is found, as a result of which the predictions of traditional models such as Ideal Adsorption 
Solution Theory and extended Langmuir model in mixed gas conditions are inaccurate, particularly 
for CH4. Our results show that plasticization behavior of the polymer is observed at a CO2 loading 
of 70 cc (STP)/cc of polymer, leading to increase in CO2 permeability with increase in pressure. 
The Onsager coefficients indicate that in mixed gas conditions finite correlations exist between the 
diffusing species in the polymer membrane. Further, CH4 is kinetically selected at high pressures 
in mixtures due to availability of larger pores, in contrast to pure gas conditions where CO2 is 
kinetically selected over CH4 at all pressures. Analysis of membrane behavior under practical 
conditions using EMD-based transport coefficients shows that while the CO2/CH4 selectivity 
increases with increase in pressure based on pure component data, the trend is opposite for mixture 
data. Thus, the commonly used approach of screening membrane materials based on pure 
component data can be misleading, as it overlooks the correlation effects that arising from the 
presence of other species in the mixture. 
Keywords: Polymer membranes; Maxwell Stefan diffusivity, Plasticization, Gas Mixtures, 
Onsager Coefficients, Membrane modeling;  
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1. Introduction 
The understanding of molecular transport in a dense polymer matrix is an important problem of 
long standing interest and crucial to the design of several industrial processes for gas separation 
and purification, dialysis, pervaporation and reverse osmosis.1, 2 Gas permeation through a polymer 
membrane is explained in terms of a solution-diffusion mechanism,3 and involves both solubility 
and diffusivity differences that are strongly related to the thermodynamic properties of the polymer 
at a given temperature and pressure. Screening of membrane materials for a given application is 
often based on pure component data; however, the performance of a membrane for the separation 
of a given gas pair in mixed gas conditions can differ significantly from that of pure gas conditions, 
due to competitive sorption as well as plasticization/swelling behavior of the polymer.4-6 In 
addition, the driving force for diffusion of a species in a mixture is not only provided by the 
gradient of the chemical potential of that particular component, but also by the gradient in the 
chemical potential of the other components. An understanding of mixture transport is therefore 
critical to gas separation processes.  
The transport behavior of a species in a multicomponent environment can be described using 
several equivalent mathematical expressions.1, 7 The Onsager formalism, considering chemical 
potential gradient (  ) as driving force, provides a fundamental approach based on irreversible 
thermodynamics, in which the flux (Ni) is expressed as:  
     ( ) i ij j
j
N L        (1) 
where Lij is the symmetric matrix of Onsager transport coefficients.  An equivalent mathematical 
expression based on concentration gradient ( c ) as driving force, the generalized Fick’s law,  can 
be written as,8  
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where Dij is the multicomponent Fickian diffusion coefficient and can take both positive and 
negative values. Further, the cross coefficients are typically not equivalent i.e. ij jiD D . A more 
convenient approach, often used to represent multicomponent transport in membrane materials, 
the Maxwell-Stefan (MS) formalism, considers a balance between chemical potential gradient and 
frictional force experienced by a species i with the other species in the mixture, and is expressed 
as: 
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

         (3) 
where ui and uj are the average velocities of species i and j respectively, R is the universal gas 
constant, and T is temperature. Ðij represents the interaction between species i and j in the mixture 
and Ði is the MS diffusivity of species i. Further, the Onsager reciprocal relations demand  
  ij jiÐ Ð       (4)  
Pure and mixed gas permeation through polymeric membranes has been extensively investigated 
experimentally. Most of these investigations determine diffusion coefficients of a species by 
considering the driving force as the concentration gradient of that species only.4, 9-12 The 
correlations between the species can be evidenced experimentally from PFG-NMR studies, 13, 14 
but this does not provide any quantitative information regarding the exchange coefficients (Ðij). 
Further, in mixed gas conditions, the matrix of diffusivities depends on the concentrations of all the 
diffusing species, and its experimental characterization is therefore challenging and not 
straightforward. On the other hand, atomistic simulations can aid in extracting these correlations 
and can play an important role as a complement to experiments. Krishna et al.8, 14-19 extensively 
investigated mixture diffusion in inorganic membrane materials such as zeolites and found that 
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correlation effects are strong functions of pore concentration, topologies and nature of the mixture. 
Recently, Krishna20 analyzed literature experimental data and reported that cross correlations 
between the diffusing species are extremely significant in polymer membranes. However, there is 
scant information regarding the correlations between mixture gas molecules, and to the best our 
knowledge extensive simulations of mixture transport in polymer membrane materials are yet to 
be reported. In then literature, investigations have been largely devoted to pure component 
systems.21, 22 While some work on O2/N2 mixture diffusion in a 6FDA-6FpDA polyimide 
membrane has been reported23, the analysis is based on a Fickian interpretation of the transient gas 
uptake using MD, and the binary nature of the transport remains to be addressed.  
On the other hand, while gas adsorption characteristics of glassy polymers in pure and mixed gas 
conditions has been extensively studied experimentally,24-26 interest in the in-silico investigations of 
gas adsorption in polymers considering the structural transition upon gas adsorption is relatively 
recent.21, 22, 27, 28 Pandiyan et al.29 studied the sorption and desorption of CO2 in a variety of 
fluorinated polyimides, and found significant and homogeneous swelling during the sorption. 
Hölck et al.30 studied the sorption behavior of gases in a glassy polymer under conditions leading 
to maximum and no swelling of the polymer, and proposed a model to describe the gas sorption 
based on linear combination of the corresponding isotherms, that was in agreement with their 
experimental results. Our recent simulations considering the structural transition and redistribution 
of voids upon gas adsorption in BDPA-APB polyimide21, offer a more accurate alternative for the 
single component case, but have yet to be extended for mixtures. On the other hand, mixture 
adsorption in polymers has been predicted from pure component data,31 by applying ideal adsorbed 
solution theory (IAST) 32 that has been reported to be accurate for inorganic membrane materials. 
However, the validity of the predictions in polymers is not clear due the inherent assumptions on 
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which this theory was developed, such as a rigid host matrix. Here, we implemented a two-step 
methodology combining Grand canonical Monte Carlo simulations (GCMC) coupled with NPT 
(constant number of particles, pressure and temperature) EMD simulations to determine gas 
adsorption isotherms in pure and mixed gas conditions.  
In the work reported here, we investigate the pure and mixed gas transport properties of CO2 and 
CH4 in a commercially used glassy polymeric membrane material, 6FDA-durene. The presence of 
–C(CF3)2– and a bulky methyl group in the polymer backbone contributes to the reduction of local 
segmental mobility and inhibits the inter chain packing, resulting in a great amount of free volume 
and thereby good gas separation performance. To the best of our knowledge this is the first report 
of the MS diffusivities and adsorption isotherms of gases in pure and mixed gas conditions in 
6FDA-durene polyimide polymer membrane through EMD simulations. Further, an important 
aspect of this study is to predict the membrane performance in practical scenarios by solving the 
MS equations for a given membrane thickness and driving force, from the simulation based 
microscopic diffusivities and adsorption characteristics. 
 
2. Model System and Simulations 
2.1. Model 
Our model system comprises of 15 flexible 6FDA-durene polyimide chains, as depicted in Figure 
1, in which we investigate the adsorption and transport of pure component and equimolar (1:1) 
mixture of CO2 and CH4. In what follows we describe the model and the corresponding interaction 
potential parameters used in the simulations. 
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Figure 1. Structure of 6FDA-durene polyimide polymer membrane. 
2.1.1. Polymer Model 
The model polymer system is composed of 15 flexible polyimide polymer chains, each having 12 
monomers of 6FDA‐durene (4,4′‐(hexafluoroisopropylidene) diphthalic anhydride, 2,3,5,6‐
tetramethyl‐1,4‐phenylenediamine) and was generated by following a self-avoiding random walk 
technique using Packmol.33 The polymer chains were described by considering a combination of 
appropriate bonded and non-bonded interactions with all atom representation, where all the atoms 
in the system are defined explicitly based on the polymer consistent force field (PCFF).34 This ab 
initio force field has been widely used to model long chain molecules.21, 30, 35-37 The non-bonded 
van der Waals (vdW) interactions are incorporated using a Lennard–Jones (LJ) potential of the 
form: 
9 6
,
2 3ij ijnon bondij ij
i j ij ij
U
r r
 
                 
     (5) 
where ij and ij are the energy and length scale parameters of the LJ potential. The bonded 
interactions were incorporated by considering the constraints for bond, angle, dihedral, out of-
plane angle and the cross-coupling terms including bod-bond, bond-angle etc., as detailed in eq 
(S1) of Supporting Information. 
2.1.2. Adsorbate interactions 
The 3-site (EPM2) linear model38 having a point-charge on each site, explicitly accounting for 
the quadrupole was chosen to represent CO2. CH4 was represented by its full atomistic (5-site) 
model39 where all the atoms having partial charge are explicitly included. The gas molecules are 
treated as rigid in the entire simulation, and the non-bonded van der Waals (vdW) interactions 
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between the gas-gas and polymer- gas molecules are incorporated using a 12-6 LJ potential of the 
form:  
12 6
4 ij ij i jnon bondij ij
ij ij ij
q q
U
r r r
 
                  
    (6) 
The potential parameters are given in the Supporting Information (Table ST1) and 
Lorentz−Berthelot rules were used to obtain the corresponding interaction parameters. 
2.2 Simulation details 
EMD simulations were performed using the LAMMPS40 package with a Nose´-Hoover thermostat 
and Berendsen barostat for temperature and pressure control respectively. In all the simulations, a 
cutoff distance of 1.4 nm was used for both potential energy and electrostatic interaction 
calculations. Long-range electrostatic interactions were corrected by the Ewald summation 
method. The Verlet method with a time step of 1 fs was used to integrate the particle equations of 
motion. Periodic boundary conditions (PBC) have been imposed in all three dimensions as the 
simulation box was considered to be a representative volume element. The simulations were run 
for 40 ns in the NVT ensemble with 10 ns allowed for equilibration. The results of several 
independent runs, each starting from a different initial configuration, were averaged to compute 
the gas diffusivity. The initial configurations were prepared by randomly placing the gas molecules 
in the polymer matrix based on the adsorption isotherm data, and allowing the polymer to swell in 
the presence of gas molecules for 25 ns in a NPT ensemble. The standard deviation of the results 
was calculated by dividing the total simulation run into four equal parts and using it to determine 
the statistical uncertainties associated with the simulations. In the figures to follow the error bars 
are smaller than the size of the symbols, unless stated otherwise. 
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2.3 Methodology 
2.3.1. Gas adsorption isotherms and solubility 
To compute the isotherms for gas adsorption, we implemented a two step procedure accounting 
for structural transition upon gas adsorption, as described in detail elsewhere.22 In step-1, GCMC 
simulations were performed using the DL_MONTE simulation package,41 in which the adsorbed 
gas is  in phase equilibrium with the ambient gas phase, considering a rigid polymer matrix. In 
step-2, the polymer was allowed to swell in the presence of gas molecules at a given temperature 
and pressure by performing EMD simulations in an isobaric-isothermal ensemble for 1 ns. This 
procedure was repeated 5-10 times. The averages the over last 3 runs were considered to compute 
the adsorbed gas concentration. The error in the adsorption isotherm was determined from the last 
3 GCMC runs by dividing them into 6 blocks and calculating the standard deviations with respect 
to the block average. Further, solubility (Si) of gas i is evaluated from the adsorption isotherm, 
following: 
i
i
cS
p
       (7) 
where c is the amount of gas adsorbed in the polymer at its partial pressure pi. 
2.3.2. Diffusion coefficients 
To describe the gas diffusion in 6FDA-durene polymer membrane, MS diffusivities are computed 
using the procedure described below. For pure component diffusion, the MS diffusivity is 
proportional to the corrected diffusivity (Do),19 and that Do can be extracted from EMD simulations 
using an Einstein relationship, based on the center of mass (COM) motion of all adsorbed 
molecules, following: 
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where ri(t) is center of mass position vector of molecule i at time t. For a binary mixture, by 
recasting eq (3), the MS equations can be written as, 
1 2 1 1 2 1
1
12 1
c x N x N N
RT Ð Ð
         (9) 
2 1 2 2 1 2
2
12 2
c x N x N N
RT Ð Ð
         (10) 
However, there is no direct method to compute the MS binary exchange coefficient ( 12Ð ) through 
simulations; on the other hand, the matrix of Onsager coefficients [ i jL ], can readily obtained from 
EMD simulations, following:7, 42 
1lim [ ( ) (0)].[ ( ) (0)]6
i j
ij i i j jt
B
N N
L r t r r t r
Vk T t
           (11) 
where ri(t) is center of mass position vector of molecule i at time t, V is volume, kB is Boltzmann 
constant, Ni  is number of molecules of type i and T is temperature. These Onsager coefficients can 
be related to the MS diffusivities, considering the equivalence of MS formalism and Onsager 
formalism, following (see Supporting Information eq (S2) -(S9)):  
1
22 1 2
12
1
.
. .
Ð L c x
R T Ð

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     (12) 
12
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RTÐ
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
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where 11 22 12 21L L L L   , x1 is mole fraction of species 1, c1is concentration of species 1 and cT is 
the total concentration of the species in the polymer i.e. cT = c1+c2.  
2.3.3. Membrane modelling: 
The actual membrane behavior is predicted by numerically computing the steady state fluxes after 
a step change in the pressure, by simultaneously solving the ODEs. 
 
1 1 2 1 1 2 1
1 12 1
c dP x N x N N
P dz Đ Đ
                (15) 
    2 2 1 2 2 1 2
2 12 2
c dP x N x N N
P dz Đ Đ
         (16) 
. 0  where 1,2;iN i          (17) 
All the calculations were performed on a membrane of finite thickness (δ = 30 µm), with no 
interfacial mass transfer resistance,37and maintaining the downstream at constant partial pressure 
(pi =1 atm, i=1,2) with the following boundary conditions as shown in Figure 2. It is assumed that 
the gas phase, on both upstream and downstream sides of the membrane, consist of an equimolar 
mixture of CO2 and CH4. 
Boundary conditions:  
upstream conditions (at z = 0):  pi=p0, x1= x1,0, x2=x2,0; 
downstream conditions (at z = δ):  pi = pδ, x1= x1,δ, x2=x2,δ; 
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Figure 2. Schematic illustration of the 6FDA-durene polymer membrane. 
 
2.4. Membrane performance 
To determine the membrane performance for a given gas pair, its permeability as well as selectivity 
are calculated as defined below: 
 
2.4.1. Permeability 
The permeability (Pi) of a gas i in a membrane is determined by its diffusivity (Di) and solubility 
(Si), and is expressed as: 
i i iP D S        (18) 
In addition, the permeability can also be defined as the steady state flux (Ni) normalized by the 
driving partial pressure across the membrane and the membrane thickness (δ), following: 
.i
i
i
NP
p
                  (19) 
The permeabilities are expressed in Barrers, where 1 Barrer = 10 2
( ).10 . .
cc stp cm
cm scmHg
  .    
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2.4.2. Selectivity 
The ideal selectivity ( ij ) of a gas pair i, j is defined as the ratio of their individual gas permeability 
coefficients Pi, Pj which can also be expressed in terms of contributions of the diffusivity and 
solubility, following: 
kinetic adsorption
selectivity selectivity
 i i iij
j j j
P D S
P D S
                
     (20) 
3. Results and Discussions: 
3.1.  Characterization of polymer structure 
The ability of the force field to represent 6FDA-durene polymer membrane is illustrated by 
characterizing the polymer structure using volume-temperature relations, associated free volume 
and pore size distribution (PSD) analysis. Figure 3(a) depicts the temperature dependence of the 
specific volume (1/ρ) of 6FDA-durene polymer at 1 atm pressure. It is seen that 6FDA-durene 
polymer has a density of 1.34 (± 0.1) g/cc at 300 K, well in agreement with the experimental value 
of 1.31-1.37 g/cc.43-45 It is observed that specific volume of the polymer increases linearly with 
increase in temperature with change in slope at 680 (± 10) K, the glass transition temperature (Tg) 
of the polymer, which compares well with the experimental value of 683-697 K.43-45 We note here 
that the effect of pressure on the structure of the polymer is found to be negligible up to 30 atm, as 
shown in the Supporting Information (Figure S1). The inset of Figure 3(a) depicts the temperature 
dependence of fractional free volume (FFV) in the polymer, determined using helium as a probe 
molecule,45-48 by averaging over several configurations of polymer structure at each temperature.  
It is seen that FFV of 6FDA-durene polymer increases linearly with increase in temperature, with 
change in slope at Tg of the polymer, illustrating the swelling behavior of the polymer with increase 
14 
 
in the temperature.  We note that that 6FDA-durene polymer has a free volume of 7 (±1) % at 300 
K, showing a large deviation from the experimental free volume of 18-24 %,45 estimated using 
Bondi’s group contribution method. This difference arises because the computed free volume 
neglects the contribution of sites that are not accessible to helium, while Bondi’s group 
contribution method includes these.  To confirm this, we determined the FFV of polymer using an 
imaginary probe of various diameters. It is seen that FFV increases with decrease in probe diameter 
and reaches an experimental value of ~25 % for a probe diameter of 1 Å, as shown in the 
Supporting Information (Figure S2). We further note that a free volume of 6% in 6FDA-durene 
has been reported using bulk positron annihilation lifetime spectroscopy with sodium probe,49 in 
close agreement with predictions of this work. Figure 3(b) depicts the variation of accessible 
volume with the diameter of probe at various temperatures in 6FDA-durene polymer membrane. 
It is seen that pores of 3-4 Å diameter exist in the polymer membrane in the temperature range of 
300-500 K, and the absence of larger pores even at higher temperatures indicates the availability 
of more small pores with the swelling of the polymer. 
probe diameter (Å)
0 2 4 6 8
ac
ce
ss
ibl
e v
olu
me
 fra
cti
on
0.0
0.2
0.4
0.6
0.8
1.0
T = 300 K
T = 400 K
T = 500 K
T = 600 K
(b)
 
Figure 3. (a) Variation of specific volume (inset: fractional free volume) in 6FDA-durene 
membrane with temperature, and (b) comparison of variation of fractional accessible volume with 
probe diameter at various temperatures. Structure of 6FDA-durene at 300 K is depicted in the inset.  
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3.2. Gas adsorption isotherms 
3.2.1. Pure component gas adsorption isotherms 
The swelling behavior of 6FDA-durene polymer upon gas adsorption and its effect on gas 
adsorption kinetics was systematically investigated by comparing the adsorption isotherms for 
each adsorbed gas as a single component in a polymer, both with and without swelling on gas 
adsorption. A comparison of gas adsorption isotherms at 300 K in 6FDA-durene polymer for both 
cases is shown the in the Supporting Information (Figure S3).  It is seen that the swelling behavior 
of the polymer influences the gas adsorption isotherms significantly. Further, the effect of swelling 
is more pronounced at elevated pressures owing to its high gas adsorption capacity.  In addition, 
the effect of swelling on the polymer structure was investigated by computing the pore size 
distribution. It is seen that greater pore volume and larger pores are available at higher pressures. 
The adsorption isotherm of each gas considered was fitted using a Dual-mode (DM) sorption 
model of the form:  
'
1
H
D
C bpc k p
bp
         (21) 
where, c is the total concentration of the sorbate in the polymer, p is the pressure, kD is Henry’s 
law coefficient, 'HC  is the Langmuir capacity term, and b is the Langmuir affinity parameter.  
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Table 1. Comparison of DM sorption model fitting parameters of pure component CO2 and CH4 
in 6FDA-durene polymer membrane. 
 
It seen that the fitting parameters 'HC , b and kD of the DM sorption model from this study 
considering the swelling of the polymer upon gas adsorption are in better agreement with reported 
values based on fits of experimental isotherms as shown in the Table1. However, we note that the 
parameters are sensitive to the pressure range over which the fitting is done.  
Figures 4 (a)-(b) depict pure component adsorption isotherms of CO2 and CH4 in 6FDA-durene 
polymer membrane respectively, at temperatures from 300-500 K.  It is seen that the CO2 adsorbs 
strongly while CH4 shows weak adsorption in 6FDA-durene polymer, and gas adsorption increases 
with increase in pressure at a given temperature. The adsorption capacity of both the gases 
decreasing with increase in temperature. The adsorption isotherm of each gas considered was fitted 
using DM sorption model. We note that overall sorption for both the gases is dominated by the 
Langmuir capacity term, as expected in polymers below glass transition temperature, as shown in 
Supporting Information (Figure S4).   
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Figure 4. Pure component adsorption isotherms of (a) CO2, and (b) CH4 in 6FDA-durene at 
various temperatures. The dashed lines indicate the fitted adsorption isotherms using the dual mode 
sorption model.  
3.2.2. Mixed gas adsorption isotherms 
Although pure component isotherms are valuable for an initial screening of the materials, 
evaluation of adsorption isotherms in mixed gas conditions is essential to understand effects such 
as preferential sorption. The adsorption behavior of gases in 6FDA-durene polymer membrane in 
mixed gas conditions was systematically investigated by considering an equimolar (1:1) mixture 
of CO2 and CH4 the using the two-step procedure discussed in section 2.3. Figure 5 (a) depicts the 
adsorption isotherms of an equimolar mixture of CO2 and CH4 in 6FDA-durene polymer 
membrane at 300 K.  It is seen that CO2 adsorbs strongly while CH4 shows weak adsorption in 
6FDA-durene polymer membrane, and gas adsorption increases with increase in pressure at a 
given temperature. We note that the individual gas adsorption capacity in the mixed gas conditions 
is lower than the corresponding gas adsorption capacity in pure gas conditions at any given 
pressure, indicating competitive sorption is inhibiting gas adsorption to an extent and this effect is 
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more intense at higher pressures. The adsorption isotherm of each gas was fitted simultaneously 
using a DM sorption model for mixed gases, of the form:25, 52 
'
2
1
1
H i i
D i
i i
i
C b pc k p
b p

 

      (22) 
where, c is the total concentration of the sorbate in the polymer and pi is the partial pressure of the 
component i, where kD is Henry’s law coefficient, 'HC  is the Langmuir capacity term, and bi is 
Langmuir affinity parameter. We note here that b1 and b2 are shared parameters. This model is 
widely used to describe mixed gas adsorption in polymers.52 Similar plots for adsorption isotherms 
of equimolar mixture of CO2 and CH4 in 6FDA-durene polymer membrane in the range 300-500 
K, are shown in Supporting Information (Figure S5). 
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Figure 5.  Adsorption isotherms of equimolar mixture of CO2 and CH4 in 6FDA-durene membrane 
at T = 300 K. The dashed lines indicate the fitted adsorption isotherms using the DM sorption 
model for mixed gases.  
3.2.3. Solubility coefficients 
Figure 6 depicts a comparison of the temperature dependence of solubility coefficients under pure 
and mixed gas conditions for CO2 and CH4 in 6FDA-durene polymer membrane at 2 atm pressure 
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in the temperature range of 300-500 K. At 300 K, the calculated values of solubility coefficient of 
CO2 and CH4 in pure gas conditions are 33 (± 2.0) and 10.9 (± 1.0) cc (STP)/cc (polym).atm, in 
good agreement with experimental values of 25 (± 3.0) and 8.2 (±1.7) cc (STP)/cc (polym).atm, 
respectively.49, 53 The adsorption selectivity of CO2 over CH4 is found to be 3.0 (±0.2), in excellent 
agreement with an experimental values of 3.0-3.5.49, 53 On the other hand, the gas solubility under 
mixed gas conditions is lower than that of the corresponding gas solubility in pure gas conditions. 
Nevertheless, preferential adsorption of CO2 in the available Langmuir sites due to its stronger 
interaction with the polymer than CH4 is evident, leading to a sharp decrease in methane solubility, 
and thus high adsorption selectivity of CO2 over CH4 in mixed gas conditions.  At 300 K, the 
calculated values of solubility coefficient of CO2 and CH4 in mixed gas conditions are 31 (± 2.0) 
and 3.9 (± 0.5) cc (STP) / cc (polym). atm, respectively. It is seen that solubility of CO2 and CH4 
decreases with increase in temperature, owing to decrease in gas adsorption capacity of the 
polymer with increase in temperature, following the van’s Hoff relation,  
0
sH
RTS S e

       (23) 
where S0 is a constant, ΔHs is apparent, R is the gas constant and T is the temperature. Similar 
values of heat of solution for CO2 in 6FDA-durene membrane in pure and mixed gas conditions (-
13.0 (±1) and -13.3 (±1) kJ/mol respectively) are observed, while a decrease in heat of sorption in 
mixed gas conditions is observed for methane, due to less effective packing of methane molecules 
in the presence of CO2. Further, the narrower, more strongly adsorbing sites are more likely to be 
filled by CO2, leaving the predominantly larger sites for CH4 in the mixed gas. We further note 
that negative values of ΔHs demonstrate the exothermic nature of the adsorption process. 
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Figure 6. Temperature dependence of solubility coefficients of CO2 and CH4 in 6FDA-durene at 
2 atm pressure in pure and mixed gas conditions. 
3.2.4. Comparison of simulated adsorption isotherms with IAST predictions 
The adsorption behavior of gases in mixed gas conditions can be estimated from pure component 
adsorption data using ideal adsorption solution theory (IAST)32 or extended Langmuir model.52 A 
comparison of simulated adsorption isotherms of an equimolar mixture of CO2, and CH4 in 6FDA-
durene polymer membrane at 300 K with the predictions of both IAST and extended Langmuir 
model is depicted in Figure 7 (a) and (b), respectively.  It is seen that for the more strongly adsorbed 
CO2 the predictions of both IAST and the extended Langmuir model are consistent with the 
simulation results, while significantly large deviation between the theories and simulation results 
is observed for methane. This is because the swelling of the polymer in mixed gas conditions is 
similar to that in the presence of pure CO2, this being the more dominant species. While IAST 
under predicts, the extended Langmuir model over predicts the adsorption of methane in mixed 
gas conditions compared to the simulation results. The large discrepancy with simulation for 
methane underscores the importance of accounting for structural changes in the polymer due to 
the presence of partner species, i.e. CO2 in this case; since the system violates the hypothesis on 
which these theories were developed, that the adsorbing framework is inert from a thermodynamic 
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point of view. The foregoing results demonstrate that predictions of mixed gas adsorption using 
these theories in polymers can be misleading even below the plasticization pressure. 
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Figure 7. Comparison of simulated adsorption isotherms of equimolar mixture (a) CO2, and (b) 
CH4 in 6FDA-durene at T = 300 K with the predictions of IAST and extended Langmuir theory.  
 
3.3. Pure-component diffusion 
To understand gas diffusion behavior in the 6FDA-durene polymer membrane, the corrected 
diffusion coefficient of gas molecules was determined by tracking the temporal centre-of-mass 
motion of all the adsorbed species in the polymer matrix. Figure 8 (a) depicts the loading 
dependence of corrected-diffusivity of pure component CO2 and CH4 in the 6FDA-durene 
membrane at 300 K. It is seen that for methane, a moderate increase in diffusivity with increase in 
loading is observed, while a stronger increase in diffusivity with increase in loading, especially at 
high loadings, is observed for CO2. This can be attributed to the plasticization behavior of the 
polymer at high CO2 loadings. To investigate this further, the permeability of the gases at various 
loadings was determined, and is depicted in Figure 8 (b). It is seen that permeability of methane 
decreases with increase in loading, as is typical for polymers due tom the strong decrease in 
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solubility with pressure, while the permeability of CO2 decreases up to about 5 atm. pressure and 
then increases with increase in loading. This increase in permeability with increase in pressure has 
also been observed experimentally44 at around 5 atm. pressure, corresponding to the plasticization 
pressure of the polymer.  
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Figure 8. Loading dependence of (a) corrected diffusivity, and (b) permeability of the gases at 
T=300 K in 6FDA-durene membrane. 
The structural changes in the polymer membrane due to plasticization can be characterized by 
investigating the PSD in the polymer at various gas loadings using a spherical probe of varying 
probe diameter through the geometric approximation technique, and are depicted in Figure 9(a)-
(b). An increase in fractional accessible volume for larger probe diameters is seen at high pressures 
indicating the availability of larger pores due to swelling of the polymer upon gas adsorption. It is 
seen that 5-7 Å pores are available after swelling in the in the presence of   CO2, while 4-5 Å pores 
are available in the presence of CH4, as shown in the insets of the respective figures. We note that 
3-4 Å pores are available in the neat polymer membrane. The greater availability of number of 
larger pores in the presence of CO2 can be attributed to plasticization behavior of the polymer at 
elevated pressures. The greater availability of large pores at high pressure leads to stronger increase 
in CO2 diffusivity with increase in pressure.  
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Figure 9. Comparison of variation of fractional accessible volume with probe diameter in 6FDA-
durene polymer in the presence of (a) CO2, and (b) CH4 at various loadings. A comparison PSD at 
various gas loadings is depicted in the respective insets. 
Figure 10 (a) depicts the temperature dependence of the corrected-diffusion coefficients of pure 
component CO2 and CH4 in a neat 6FDA-durene polymer membrane in the temperature range of 
300-500 K. At 300 K, the calculated values of corrected diffusion coefficient (Do) of CO2 and CH4 
are 5 (± 0.5) × 10-11 and 0.85 (± 0.1) × 10-11 m2/sec, in reasonable agreement with experimental 
values of  6.6 × 10-11 and 1.25 × 10-11 m2/sec respectively.53 The activation energies for CO2 and 
CH4 in 6FDA-durene membrane are 5 (± 2) and 10.5 (± 3) kJ/mol respectively, based on the 
expression, 
/
0 e DE RTD D                                                               (24) 
where D0 is a constant, ED is the apparent activation energy for diffusion, R is the gas constant and 
T is absolute temperature. Figure 10(b) depicts the temperature dependence of the perm-selectivity 
of CO2 over CH4 in a 6FDA-durene polymer membrane in the temperature range of 300-500 K. 
At 300 K, the calculated values of the kinetic, adsorption and perm selectivity of CO2 over CH4 
are 5.0, 3.0 and 15, in excellent agreement with experimental values of 5.3, 3.0 and 15.9 
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respectively.53 It is seen that 6FDA-durene is selective for CO2 over the temperature range of 300-
500 K and this selectivity decreases with increase in temperature. This decrease in selectivity is 
due to greater increase in methane diffusivity, this being a lighter and more weakly adsorbing 
molecule than CO2, which leads to a steep decrease in kinetic selectivity with increase in 
temperature as shown in the inset of Figure 10(b). 
 
Figure 10. (a) Temperature dependence of collective diffusivity of CO2 and CH4 in 6FDA-
durene membrane, and (b) ideal selectivity of CO2 over CH4 in 6FDA-durene in the temperature 
range of 300-500 K. A comparison of kinetic and adsorption selectivity of CO2 over CH4 in 
6FDA-durene is depicted in the inset. 
3.4.  Mixture diffusion 
3.4.1. Determination of Onsager coefficients 
To investigate the diffusion behavior of gases in mixed gas conditions, Onsager coefficients of an 
equimolar mixture of CO2/CH4 were determined using eq (11). Figure 11 (a) depicts the variation 
of Onsager coefficients with pressure in a 6FDA-durene polymer membrane at 300 K. It is seen 
that the diagonal Onsager coefficients L12 (= L21) are much smaller than L11, but comparable to L22 
at low pressures, while the diagonal and off diagonal elements of matrix [L] are of the same order 
at high pressures. Figure 11 (b) depicts the variation of Onsager coefficients with temperature in 
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the 6FDA-durene polymer membrane at a total pressure of 4 atm. It is seen that the diagonal 
Onsager coefficients L12 (= L21) and L22 are quite similar to each other at all temperatures while 
L11 is an order of magnitude higher than L12 at low temperatures, and of the same order at high 
temperatures. Further, the influence of these correlations on each of the species cannot be 
determined from the Onsager coefficients, as these correlations influence all elements in the 
Onsager coefficients matrix.54 However, the extent of coupling between the diffusing species can 
be determined from the Onsager coefficients. 
 
Figure 11. Variation of Onsager coefficients of an equimolar mixture of CO2/CH4 in 6FDA-durene 
membrane with (a) pressure at T = 300 K, and (b) with temperature at 4 atmTp   
The extent of coupling can be determined by computing an interaction parameter (  ), following:55  
12
11 22.
L
L L
       (25)  
Strong correlation between the diffusing species results in 12 11 22L L L , with 1  . On the other 
hand, weak correlation between the diffusing species, corresponding to L12  0, results in 0  . 
In all other cases with finite correlations,  depending on loading and nature of the adsorbate and 
adsorbent,  takes a value between 0 and 1.18  It is seen that the well known relation between 
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Onsager coefficients, 12 11 22L L L , does not hold for the equimolar mixture of CO2 and CH4 in 
6FDA –durene polymer membrane, as depicted in Figure 12 (a), indicating the presence of weak 
or finite correlations between the  diffusing species in the polymer membrane. Similar behavior is 
also observed in MFI zeolite that has 3-dimensional pore network with finite exchange 
correlations.16 We note that that the Onsager coefficients always satisfy the relation L11L22 > 
L12L21,56 indicating the computed MS diffusivities from Onsager coefficients will only have a 
positive value. Figure 12 (b) depicts the variation of   with temperature. At 300 K, the   value 
is found to be 0.25, indicating the presence of finite correlation between the diffusing species in 
the polymer membrane, and this interaction parameter increases with increase in temperature, due 
to increase in CH4 mole fraction and gas diffusivity with temperature arising from the swelling 
behavior of the polymer. An initial increase in   with increase in pressure is observed, followed 
by slight decrease with increase in pressure after 5 atm. It is expected that the degree of correlation 
between the species increases with increase in loading;14 however, we note that the mole fraction 
of the gases in the polymer membrane may decrease or increase with pressure, and that influences 
the behavior of  with pressure. 
   
 
 
 
 
 
Figure 12. (a) Comparison between L12 and 11 22L L  in 6FDA-durene polymer, and (b) Variation 
of interaction with parameter ( ) with temperature. Variation of  with pressure at T =300K is 
shown in the inset.  
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3.4.2. Determination of MS diffusivities 
The above findings indicate that gas diffusion behavior in the mixture can be different to that of 
the pure components due to the finite correlations that exists between the diffusing species; 
however, the effect of this correlation on individual species is unclear. The general understanding 
is that these correlations decrease the mobility of more mobile species and increase the diffusivity 
of slower species. To investigate this correlation effect on each of the species, the MS diffusivities 
were determined using eq (12)-(14). Figure 13(a) depicts the loading dependency of the MS 
diffusivities of an equimolar CO2/CH4 mixture. At low pressure, CO2 is kinetically selective over 
methane, while methane is kinetically selective over CO2 at high pressures, contrary to the pure 
gas conditions where CO2 is kinetically selective over methane at all the pressures studied in this 
work at 300 K. This is because, at high pressures, the availability of larger pores promotes methane 
diffusion, this being a lighter and more weakly adsorbed molecule. It is seen that Ð1, Ð2 and Ð12 
are of the same order, further confirming the presence of finite degree of correlations between the 
diffusing species. Further, the degree of correlation is defined as 
ij
 iÐ
Ð
, and 
ij ij
  <<1 and  >>1i iÐ Ð
Ð Ð
 
are the two limiting scenarios that represent very weak and strong correlations between the 
diffusing species, respectively. For CO2, the degree of correlation, decreases with pressure, while 
it increases with pressure for CH4 as shown the inset of Figure 13 (a). This is due to the fact that 
correlation effects are more significant to the more mobile species than for the slower species as 
the latter vacates the sites less frequently. Figure 13(b) depicts the temperature dependency of MS 
diffusivities of an equimolar mixture of CO2 and CH4. It is seen that CO2 is kinetically selective 
over CH4 at all temperatures. Further, the degree of correlation for both the gases increases with 
increase in temperature, and this can be attributed to increase in CH4 mole fraction in the mixture 
with temperature as shown in the Supporting Information (Figure S6). Further, the swelling 
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behavior of the polymer with temperature can lead to opening up of the pore mouths, resulting in 
gas-gas interactions increasing in significance compared to gas-polymer interactions. Further, it is 
seen that Ð1, Ð2 and Ð12 increase with increase in temperature following Arrhenius type behavior, 
with activation energies 4.9 (± 1), 7.1 (± 2) and 3.7 (± 0.5) kJ/mol, respectively, computed using 
eq (24). We note that CO2 has the same activation energy in pure and mixed gas conditions, while 
a decrease in activation energy is observed for methane in mixed gas condition. This can be 
attributed to the availability of larger pores in mixed gas conditions, leading to increase in methane 
diffusivity compared tp the pure component value at low temperatures. As expected, the values of 
the degree of correlation for CO2 are larger than those for methane as shown in inset of Figure 13 
(b), due to the smaller size of the former. 
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Figure 13. Variation of MS diffusivities in an equimolar mixture of CO2/CH4 in 6FDA-durene 
with (a) pressure at T = 300 K, and (b) with temperature at pi = 2 atm. 
3.5.   Determination of molar flux across a membrane 
To understand the gas separation characteristics of a 6FDA-durene membrane in practical 
scenarios, from our EMD data, we determined the molar fluxes across the membrane by solving 
MS equations for a given membrane thickness considering the pressure gradient as driving force.  
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Further, to solve the MS equations in mixed gas conditions, the reported MS diffusivities were fit 
to an empirical equation as a function of total pressure using a polynomial of the form,  
2
0 1 2iÐ a a p a p        (26) 
We note here that these fits should not be used to predict MS diffusivities outside the data range. 
Figure 14 depicts the predicted variation in CO2 selectivity over CH4 with feed gas pressure in an 
equimolar mixture, as well as the corresponding results for the case of pure gas conditions. In 
mixed-gas conditions, CO2 selectivity decreases with increase in feed gas pressure, in contrast to 
that for pure gas conditions, where an increase in selectivity with increase in feed gas pressure is 
observed. This can be attributed to the availability of larger pores in the polymer membrane due 
to its swelling behavior which is substantial in the presence of CO2, leading to an increase in 
methane diffusivity, this being a lighter and weakly adsorbing molecule. This behavior is in 
agreement with the experimental findings of Donohue et al.6 where a decrease in selectivity with 
increase pressure is observed in a cellulose acetate membrane due to plasticization. Further, we 
note that the discrepancy in the selectivity’s are evident even below the plasticization pressure, 
however, this discrepancy is significant after the plasticization pressure. The predicted molar 
fluxes of the gases in pure and mixed gas conditions are summarized in the supporting Information 
(Table ST2). The foregoing results demonstrate that characterizing the membrane performance for 
a given application based on the pure component data can be deceptive, and a thorough 
understanding of membrane performance under realistic operating conditions are indispensable. 
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Figure 14. Comparison of variation in CO2 selectivity over CH4 with the feed pressure, in 6FDA-
durene polymer membrane in pure and mixed gas conditions. 
 
4. Conclusions 
The Maxwell-Stefan (MS) diffusivities of CO2 and CH4 as pure components as well as for their 
equimolar mixture in the temperature range of 300-500 K in 6FDA-durene polyimide polymer 
membrane have been investigated here, using equilibrium molecular dynamics simulations. The 
structure of 6FDA-durene polymer membrane is visualized by exploring the volume-temperature 
relations, associated fractional free volume and pore size distributions. The swelling behavior of 
the polymer due to the presence of gas molecules has been investigated at the microscopic level 
over a wide range of temperatures. We have presented a detailed study of CO2 and CH4 adsorption 
in pure as well as mixed gas conditions in 6FDA-durene polymer membrane in the temperature 
range of 300 to 500 K by considering the possible swelling of the polymer and its dynamics. It is 
found that CO2 is more soluble than CH4 at all temperatures in a 6FDA-durene polymer membrane, 
and this solubility decreases with increase in temperature following the van’t Hoff relation.  In 
mixed gas conditions, a decrease in adsorption capacity is observed for both the gases and this 
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effect is more significant for methane, leading to an increase in adsorption selectivity of CO2 over 
CH4. It is seen that a 6FDA-durene polymer membrane is selective for CO2 over CH4. In addition, 
the simulated adsorption isotherms were compared with the predictions of IAST and extended 
Langmuir model.  It is seen that for CO2 the simulation results are consistent with the predictions 
of both IAST and the extended Langmuir model, while a large deviation between the theories and 
simulation results is observed for methane. While IAST under-predicts, the extended Langmuir 
model over-predicts the adsorption of methane in mixed gas conditions compared to the simulation 
results. The large discrepancy with simulation underscores the importance of accounting for 
structural changes in the polymer due to the presence of partner species, when predicting mixed 
gas isotherms. 
Pure component diffusivities of CO2 and CH4 in 6FDA-durene polymer membrane are in the order 
of 10-10 -10-11 m2/sec, and in good agreement with experimental reports. It is seen that the corrected 
diffusivities of the gases increase with increase in loading at 300 K, exhibiting a decrease in 
methane permeability with increase in pressure, due to swelling reducing adsorption, while an 
increase in CO2 permeability with increase in pressure occurs above 5 atm, the plasticization 
pressure of the polymer. In addition, corrected diffusivities of the gases in 6FDA-durene polymer 
membrane follow Arrhenius behavior with temperature, with CO2 being kinetically selective at all 
temperatures. The Onsager coefficients indicate that in mixed gas conditions, finite correlation 
exist between the diffusing species in the polymer membrane, and this correlation increases with 
increase in temperature. The MS diffusivities in the mixed gas conditions indicate that CO2 is 
kinetically selective at low pressures, while CH4 is kinetically selective at high pressures. It is also 
found that correlation effects are more significant to the more mobile species than for the slower 
species, and the degree of correlation increases with increase in temperature and is significant for 
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CO2 transport at all temperatures. An important aspect of this study is the prediction of membrane 
behavior in practical scenarios, from EMD data, by determining the steady state flux across a 
membrane resulting from a pressure difference, by numerically solving the MS equations. It was 
found that increased feed gas pressure in mixed-gas conditions reduces CO2 selectivity, while an 
increase in selectivity with increase in feed gas pressure is observed in pure gas conditions. This 
can be attributed to the availability of larger pores in the polymer membrane due to its swelling 
behavior which is substantial in the presence of CO2, leading to an increase in methane diffusivity, 
this being a lighter and more weakly adsorbing molecule. 
Supporting Information. 
The interaction parameters used in this work, figures showing the effect of pressure on PI structure, 
effect of polymer swelling upon gas adsorption on the isotherms in PI are available in Supporting 
Information. This material is available free of charge via the Internet at http://pubs.acs.org. 
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